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The importance of recognizing the role cognitive flexibility plays in the success of undergraduate physiology students cannot be overstated. Physiology is an integrated discipline requiring students to tap into previously learned information from many other fields, such as physics, biochemistry, and even evolution to fully grasp and appreciate the complexity of physiological concepts. In addition, physiology requires students to understand that oftentimes more than one answer can be correct, and that multiple processes can be used to arrive at a correct conclusion. To accomplish this, students must be able to assess multiple pathways and relationships and predict how changes in one area will cause changes in other areas of the body. This amalgam of concepts and multiplicity of avenues that could potentially lead to correct answers can be very confusing to most students enrolled in physiology courses; this is especially true for those with low prior knowledge levels in physiology or in prerequisite subjects that are required to understand physiology. For students with low prior knowledge, the amount of frustration toward the learning process grows, while overall success in the course wanes, which can lead to an increased reliance on surface-level learning techniques, such as rote memorization, when preparing for exams, oversimplification of concepts presented during class, and a linear approach to comprehending complex concepts in an effort to just get by (6, 7) . Unfortunately, these tendencies are at odds with the process of advanced knowledge acquisition and success in more advanced physiology courses.
Advanced knowledge acquisition refers to a time of learning that occurs after an introductory stage but before the achievement of practiced expertise, which results from experience (6, 7) . It requires students to transition away from an introductory learning approach, where surface level learning and a general familiarity with a field are usually sufficient, to a deeper, more meaningful level of learning that is often required in upper level courses and in future careers. With introductory learning, the goal is often mere exposure to content and the provision of a general orientation to a field; objectives of assessment are likewise confined to the simple effects of exposure and usually consist of recognition and recall (6) . But at some point students must transition to a deeper level of learning and apply the information they have learned to new and novel situations, if they are to begin the process of advanced knowledge acquisition.
Adding to the challenges of advanced knowledge acquisition is the inherent ill-structure of physiology. The term "ill-structured" does not imply that the field or domain of physiology is somehow disorganized or lacking structure. Quite the opposite is true. An ill-structured domain is one in which the information is inherently complex and contains patterns in which concepts that are used to solve problems are irregular (7) . In physiology and other ill-structured domains, information is generally comprised of concepts where multiple inputs could contribute or influence a single outcome, yet a rigid sequence of events or chronicle of steps will not suffice to explain the outcome every time. Furthermore, outcomes cannot be reduced to one single interpretation, a fallacy known as a seductive reduction or a reductive bias (6) , that will work every time under every condition due to the irregularities and novelties existing within ill-structured domains. However, having experienced mostly surface-level learning in previous courses predisposes students to thinking that a particular piece of information will always apply to every situation; for example, after learning that heart rate is increased by norepinephrine, they will answer nearly 100% of the time that an intravenous injection of norepinephrine should increase the heart rate. Due to baroreceptors, however, intravenous injection of norepinephrine actually decreases heart rate, which is a perfect example of why physiology is frequently an ill-structured domain. To succeed in the process of advanced knowledge acquisition when immersed within ill-structured domains, learners must attain a deeper understanding of content material, reason with it, and apply it flexibly in diverse contexts (7) . In other words, learners must become more cognitively flexible to achieve advanced knowledge acquisition within an ill-structured domain.
Theoretical framework. This study was guided by the central tenets of the Cognitive Flexibility Theory. This theory focuses on the nature of teaching and learning within complex and ill-structured domains and stresses the importance of situationdependent schema assembly, or use of previously learned concepts, instead of the mere retrieval of precompiled generic knowledge structures that are "monolithically superimposed on the concrete case at hand" (7) . Furthermore, the Cognitive Flexibility Theory explains the advantages provided to students when taking an elaborative approach to learning new material, which includes thinking about how new information fits with what they currently know and how they can use the information in the future. This theory also explains the disadvantages of students relying on rote memorization, which is a type of surface-level learning that couples oversimplification of concepts with short-term recall. Rote memorization does not lead to long-term changes in a student's cognitive architecture, nor does it improve students' problem-solving skills (1). Perkins (5) describes rote memorization as a last resort, a way of coping, a method employed to pass a test without developing any real ideas, which leads only to partial and brittle understandings. Over time, rote memorization leads to the production of inert knowledge (5) . Inert knowledge is information a student can recall under explicit situations but cannot retrieve or use for solving a problem that naturally occurs in the world around him or her, as the information was learned in a decontextualized setting (5, 8, 10) .
Unfortunately, many students often experience success using a rote memorization approach within introductory courses, and, once these poor learning habits are cemented, they can become exceptionally difficult to dislodge. As predicted by the Cognitive Flexibility Theory, this will inevitably interfere with student success in intermediate and advanced courses, especially if these courses are within ill-structured domains.
Conceptual framework. Using the Cognitive Flexibility Theory as a guide, we focused on the relationship between students' approaches to learning new material, prior knowledge levels, and success within an intermediate physiology course. It was hypothesized that students who prefer to take a more elaborative approach when learning new material will not only have higher levels of prior knowledge, giving them a better foundation on which to add new information, but will also attain higher scores on unit exams, yielding a greater level of overall success within this course. To evaluate these relationships, the following research questions (RQ) were examined: RQ1: Does the predisposition for a certain approach to learning relate to the amount of information retained from previous science courses?
RQ2: Is there a relationship between a particular approach to learning new information within an intermediate undergraduate physiology course and success on unit exams?
Participants and recruitment. For this study, we recruited students from a large, intermediate level, undergraduate physiology course at a large Midwestern university at the beginning of the Spring 2016 and Fall 2016 semesters. The background and level of preparation varied widely in this population, as did academic and career goals. In addition, both science majors and non-science majors were represented in both semesters.
All procedures and activities associated with this study were approved by our university's Institutional Review Board. Statements of informed consent were given both in a written and verbal form, and students were told that they would receive a small amount of extra credit for participating. Students not wanting to participate in the study but still wanting to receive the small amount of extra credit were given the option of completing an alternative assignment.
METHODOLOGY
This study took place within an intermediate physiology course that was offered in the Spring of 2016 and again in the Fall of 2016. A total of 253 students were offered a chance to participate, 3 students dropped the course, and 8 additional students were removed from data analysis due to missing scores on at least one portion of data collection; thus a total of 242 students completed all components and were included in data analysis. Data collected and analyzed in this study consisted of scores from a prior knowledge assessment (PKA), responses to the Student's Approaches to Learning (SAL) survey, and five unit exams that were given over the course of the semester. Extra credit, quizzes, and homework assignments were not included in data analysis. For ease of application in other courses, we have included in Fig. 1 an illustration of the experimental design of this study as it occurred over each 16-wk academic semester, including the use and timing of the components; however, this schedule could be altered based on the specifics of other institutions' academic semesters.
The PKA was designed, refined, and validated by the researchers over the course of several semesters before being used in this study. The assessment, shown in Table 1 , consisted of 10 multiple choice questions that were specifically designed to assess students' background knowledge in topics pertinent to the intermediate physiology course and were verified to have been taught in the prerequisite course. Each question on the PKA could have multiple correct answers; to receive full credit for each question, all correct answers had to be selected. This all-or-none approach reduced the likelihood of guessing and receiving an artificially inflated score. The PKA was administered on the first day of class before any content was delivered.
The SAL survey (3) is a validated instrument that assesses factors related to learning and achievement in math, reading, and science that are difficult to define in a course curriculum; for example, study habits and amount of mental effort a student is willing to expend when learning new information. The SAL asks students to indicate how much they agree with a statement by selecting one of five options, ranging from strongly disagree, which was given a numerical value of 1, to strongly agree, which was given a numerical value of 5, using a Likert-type scale. In addition to being subject specific, the questions on the SAL are organized into four main themes: self-regulated learning strategies, self-beliefs, motivation, and learning preferences. While all four of these themes were assessed with students, we removed questions related specifically to math and reading, concentrating only on questions related to learning science (APPENDIX A). Of the questions related to learning science, we were most interested in those that assessed self-regulated learning strategies (Table 2) to investigate how these specific strategies related to cognitive flexibility, or the ability to flexibly reason with and apply complex information, and academic success within an intermediate physiology course. Self-regulated learning strategies gauge how students approach new information presented to them in a formal learning environment and predicts their proclivity for taking one of two distinct approaches to learning: elaboration or memorization. We hypothesized that students with higher elaboration scores will also have higher PKA scores and higher unit exam averages.
To test this, responses from each student to questions about self-regulated learning strategies (Table 2) were summed, resulting in each student having an elaboration score and a memorization score. The memorization score was then subtracted from the elaboration score, giving each student a value termed the "SAL metric" that represented, on a scale of Ϫ16 to ϩ16, their preference or propensity for these distinctly different approaches to learning. Because the lowest number that could be selected for any question on the SAL was 1, the SAL metric range was figured using the following formula: [(5 ϫ 4) -4]. A value of Ϫ16 indicated a very strong preference for memorization, and ϩ16 represented a very strong preference for elaboration. This method of assigning one value to each student prevented the student from being counted twice during data analysis, as could happen with a simple correlation of student responses in which the student had both high and low numeric scores in response to SAL memorization or elaboration scores. SAL metric values ranged from Ϫ13 to ϩ14 in our data set.
Five unit exams were given over the course of each semester; all were multiple choice in format and structured to assess the ability of students to answer basic, applied, and transfer questions. Each exam was worth 60 points and consisted of 30 multiple choice questions. Furthermore, each multiple choice question consisted of five possible answers, and more than one answer could be correct, requiring students to evaluate each possible answer independently and apply each possible answer to the question to gauge its applicability to the concept in the question. Partial credit was awarded, but, to receive full credit for a question, all correct answers had to be selected, and all incorrect answers not selected. This reduced the ability to receive a full amount of points based on guessing.
All analyses, as described in detail for each result below, were performed using IBM's SPSS, version 23. Unless otherwise specified, levels of significance were set at P Ͻ 0.05.
RESULTS

RQ1
: Does the predisposition for a certain approach to learning relate to the amount of information retained from previous science courses?
Preliminary analyses performed on the original sample of 253 students revealed the presence of 11 anomalous scores, such as missing data or outliers on the PKA; these were excluded from further analysis. A Pearson product-moment correlation was then performed after verifying all assumptions for using this statistical test had been met.
As shown in Fig. 2 , there was a positive correlation between students' preferences for certain approaches to learning, as represented by students' SAL metrics, and prior knowledge levels, r(240) ϭ 0.30, P ϭ 0.00.
After collecting and analyzing data for RQ1, we determined that a student's approach to learning does relate to the amount of information retained from previous science courses. RQ2 : Is there a relationship between a particular approach to learning new information within an intermediate undergraduate physiology course and success on unit exams?
A Pearson product-moment correlation was performed after verifying all assumptions for using this statistical test had been met.
As shown in Fig. 3 , there was a positive correlation between certain approaches to learning, as represented by students' SAL metrics, and exam scores, r(240) ϭ 0.27, P ϭ 0.00.
After collecting and analyzing data for RQ2, we determined that a student's approach to learning new information within an intermediate undergraduate physiology course does relate to success on unit exams.
DISCUSSION
The main objective of this study was to examine the relationship between cognitive flexibility and advanced knowledge acquisition within an ill-structured domain, specifically physiology. It was hypothesized that students possessing a more evolved level of cognitive flexibility, meaning they relied on an elaborative approach when learning new material as opposed to a memorization approach, would achieve greater success within an undergraduate physiology course. The results of our analyses support our hypothesis.
The SAL instrument was chosen as a gauge of cognitive flexibility for this study. The SAL aims to measure how deeply and in what ways new information is processed, as well as the investment of time and mental energy for learning purposes that a student is willing to expend. Of particular interest within the SAL were the components measuring a student's propensity for using elaboration strategies or memorization strategies. Elaboration strategies are a set of skills that allow a student to construct, integrate, and ultimately transfer previously learned information to novel scenarios or problems. In contrast are memorization strategies, which often lead to the production of inert knowledge that is difficult to add to or use in future courses. The assessment of students' elaborative and memorization approaches via the SAL provided an appropriate metric for evaluating cognitive flexibility when considering the definition provided by Nix and Spiro (4), which centers on the ability to spontaneously restructure one's knowledge and effectively adapt to changing situational demands.
The results of this study highlight the need for students to take an elaborative approach when learning new material, as this approach was positively correlated with prior knowledge levels and unit exam scores. We believe that an elaborative approach allows students to construct, refine, and add to their schemata, or small chunks of knowledge that can be knitted together like a web, and that these more evolved collections of schemata have a positive feedback effect, which permit the flexible accumulation of even more knowledge as students move through their undergraduate curriculum. This is likely why most students with a stronger propensity for elaboration scored higher on the PKA and unit exams: they simply had a more detailed web of knowledge from which to draw. The opposite is likely true for most students who identified as having a stronger propensity for a memorization approach to learning. Their collection of schemata is likely impoverished, comparatively, due to a surface-level approach to learning, which does not lead to lasting changes in comprehension or retention (5) . We believe this is why most students who have a higher propensity for memorization have a lower score on the PKA: for the majority of them, their previously created knowledge structures were superficial and not enduring.
Admittedly the variation explained by the SAL metric in relation to students' prior knowledge levels is small, and, given When I study, I try to memorize everything that might be covered. When I study, I try to relate new material to things I have learned in other subjects. When I study, I memorize as much as possible.
When I study, I figure out how the information might be useful in the real world. When I study, I memorize all new material so that I can recite it.
When I study, I try to understand the material better by relating it to things I already know. When I study, I practice by saying the material to myself over and over.
When I study, I figure out how the material fits in with what I have already learned.
Questions from the self-regulated learning strategies portion of the SAL gauged students' tendencies to rely on memorization or elaboration strategies when learning new information. Memorization includes reciting information verbatim until it is stored in memory with little or no further processing. Elaboration includes construction and integration of previously learned information with new information and transfer of this combined knowledge to a novel problem. Fig. 2 . Results of a Pearson's correlation between certain approaches to learning (SAL metric) and scores on the prior knowledge assessment (PKA). The all-or-none grading rules used for each question on the PKA resulted in student scores being discrete variables; thus each data point represents multiple students. Distribution of scores was skewed, such that 80 students scored 0 points, 90 students scored 1 point, 40 students scored 2 points, 16 students scored 3 points, 8 students scored 4 points, and 8 students scored 5 points. Students scoring 6 points or above were removed from analysis, as they represented outliers. the skewed distribution of scores, it is possible that the assessment was too difficult, given the comparatively small number of students scoring above a 3, and this could have influenced our results. Refining the PKA and verifying each individual question with an Item Difficulty Index would have been advantageous. However, the finding that there is a relationship between a student's approach to learning and his or her prior knowledge, as measured by this difficult assessment, is still noteworthy for several reasons. First and foremost, the finding that a student's approach to learning has any influence on the amount of knowledge they are capable of amassing during their undergraduate years is an important consideration when thinking about the lasting impacts introductory and intermediate level courses can have on students and truly how critical the construction of foundational knowledge can be. For example, if, within introductory courses, students are exposed to and encouraged to take an elaborative approach to learning, the additional amount of information they may be able to retain and use in the future could possibly compound with every passing semester, potentially leading to substantial improvements by the time they matriculate into professional schools or begin their careers. This is in stark contrast to what happens if students begin with a memorization approach during their introductory courses and continue with this approach: their learning potential continues to erode, first by having less prior knowledge available for every subsequent course, which could likely lead to poorer performances on exams and less overall academic success.
Second, unlike many factors that impact a student's success within a physiology course or courses that may be more Reduce linear presentation and compartmentalization of information; use multiple representations when presenting information.
Present and discuss information using a weblike format, perhaps with concept maps, which allow for the visualization of relationship and interconnectedness of concepts. Encourage construction of interconnected schema by presenting concepts using different examples, revisit concepts using a variety of different scenarios.
Select and discuss diseases related to a concept and explain how the concept contributed to or resulted from the disease; crisscross the landscape by examining anomalies. Avoid oversimplification, be aware of seductive reductions where complex concepts are distilled to oversimplified components.
Avoid the use of mnemonics, metaphors, and analogies; these tend to encourage oversimplified thought processes. Transfer parts of a concept to new problem or scenario.
Use a concept to explore the issues with which a patient presents, perhaps as part of a case study. Encourage independent exploration of concepts.
Ask students to find a short video, podcast, or even popular magazine article related to the concept and explain how it relates. Provide opportunities to apply previous knowledge to new situations.
Apply previous unit or chapter information to new unit or chapter to highlight interconnectedness of body systems; ask questions that require the use of previously learned information to solve new problem. Require students to go beyond simple reproduction and recall of information on exams.
Incorporate applied and transfer type questions; avoid questions that can be solved with recognition and recall. difficult to change, such as extrinsic motivation, self-efficacy, and preference for group work, to name a few, a student's approach to learning new material likely can be changed, refined, and even improved on if the benefits of doing so are specifically highlighted. Results from this study provide the initial support for the need to accomplish this; furthermore, the earlier these improvements to learning occur, the more successful the student will likely be within his or her academic career and even after graduation.
It is important to note that there were a few students who appeared to have a strong preference for memorization yet achieved high scores on the PKA and unit exams. However, this was not the general trend. While we do not yet know why this may have happened, it is possible that administering the SAL only one time during the semester, specifically on the first day of class, provided only a snap-shot of students' learning preferences. Perhaps students identifying as having a strong propensity for memorization began to see the error of their ways and adopted a more elaborative approach over the semester, but we did not capture this change. Thus only gathering SAL scores one time could have caused us to mistakenly identify some students as memorizers and assume that this preference lasted for the duration of the semester. Administering the SAL again during the middle and end of the course to see how students' approaches to learning might have changed as they were exposed to the ill-structured domain of physiology would have improved this study.
The results of this study support the notion that an elaborative approach to learning is beneficial for students in several ways. However, to help students progress with an elaborative approach to learning, our approach as educators likely needs to change as well. Many common methods of instruction and familiar pedagogical tools are often not designed to encourage cognitive flexibility, as these rarely focus on improving students' elaborative approaches to learning. Instead, these methods frequently rely on linear media, such as textbooks and lectures using slideshows, which likely and unknowingly foster or allow students to take a memorization approach (4) and encourage the formation of rigid scripts that can only be used when activated by a similar scenario in the future (2). Kirschner et al. (1) perhaps best explain the reason for this relationship by describing how memorizing large chunks of information overwhelms the working memory of learners and reduces the amount of information that is stored, retrievable, and usable in the future. As a result of memorization, the only permanent change that is likely to occur is an increase in inert knowledge, which does not help in future coursework or in a career, although it can, unfortunately, serve beneficial roles in introductory courses where these habits are likely cemented (1, 6) . Even more unfortunate is the possibility that prior knowledge constructed via memorization may actually reduce new learning required for deeper understanding.
In contrast to curricular methods and tools that present information linearly are those that encourage nonlinear learning, where content is revisited using multiple contexts, crisscrossing the learning domain or landscape, with each pass bringing out additional aspects of the content's complexity, which would likely be missed in a single pass of linear coverage. This is the heart of the Cognitive Flexibility Theory, which explains the need to increase students' abilities to crisscross a learning domain, using previously learned information to appreciate and comprehend the complexities of their new landscape via elaboration. In stark opposition to rote memorization and oversimplification of concepts, elaboration helps improve a student's ability to comprehend or interpret information that has not yet been seen and improves the knowledge acquired from instruction, allowing it to serve as a more effective background to support the comprehension of advanced concepts (7) . Because the often ill-structured field of physiology requires the flexible use of knowledge and requires the consideration of a diverse set of circumstances, the reliance on a small number of rigidly prepackaged schemata will not suffice; thus neither will the reliance on memorization-based instructional methods. We believe this could explain why students who take a more elaborative approach to learning experienced greater academic success within our intermediate physiology course: elaborative learning strategies encouraged transfer, which led to enriched schema construction and a broader base from which to draw on when attempting to learn and understand complex material. However, to improve students' elaborative skills when learning, we believe it must be modeled in our teaching. Table 3 provides suggestions for implementing the core principles of the Cognitive Flexibility Theory into an undergraduate physiology course, as well as examples illustrating how to improve elaborative learning strategies and discourage memorization learning strategies.
We believe the next step in continuing to improve on this area of student development is the creation of pedagogical tools that are designed for the express purpose of improving students' elaborative approaches to learning and thus their level of cognitive flexibility. These tools could be very useful for both undergraduate and professional level students, especially when considering the issues that a 21st century workforce will encounter in the form of novel, complex, and unstructured problems (9) , all of which require a heightened level of cognitive flexibility.
APPENDIX A: COMPLETE STUDENT LEARNING APPROACHES SURVEY
There are no "right" or "wrong" answers. All that matters is your opinion. Think about how well each statement describes you and your approach toward this course.
For each question in Table A1 , use the scantron and fill in the following:
A if you strongly disagree with the statement. B if you disagree with the statement. C if you neither agree nor disagree with the statement. D if you agree with the statement. E if you strongly agree with the statement.
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